We describe a model for the X-ray emission produced during collisions and mergers of disk galaxies. To study this process, we employ simulations that incorporate cosmologically motivated disk-galaxy models and include the effects of radiative cooling, star formation, stellar feedback, and accreting supermassive black holes. We find that during a merger, the colliding gas in the disks is shockheated to X-ray emitting temperatures. The X-ray luminosity is spatially extended, rises during the initial stages of the merger, and peaks when the galactic centers coalesce. When a physical model for accreting black holes is included, the resulting feedback can drive powerful winds that contribute significantly to the amount and metallicity of hot gas, both of which increase the X-ray luminosity. In the particular case we examine here, the merger remnant is a small elliptical galaxy with an Xray luminosity less than those of observed ellipticals of equivalent B-band luminosity. However, the temperature, B-band luminosity and X-ray luminosity are consistent with the scaling relations of Xray luminous elliptical galaxies, indicating that major mergers are a viable mechanism for producing the X-ray halos of large, luminous elliptical galaxies.
INTRODUCTION
It is now well-established that elliptical galaxies contain substantial quantities of hot gas (see Mathews & Brighenti 2003, and references therein) . Detailed studies of the X-ray emission produced by this hot gas have revealed that its luminosity is correlated with the gas temperature, B-band luminosity, and stellar velocity dispersion of the host elliptical galaxy (O'Sullivan, Forbes, & Ponman 2001; O'Sullivan, Ponman, & Collins 2003) . These correlations argue for an evolutionary link between the process that formed the elliptical galaxy and the surrounding, X-ray emitting gas.
According to the "merger hypothesis," elliptical galaxies are formed when two spiral galaxies interact and merge (Toomre 1977 ). Thus, it is possible that diskgalaxy interactions transform spirals galaxies into ellipticals and generate their hot gaseous halos. Using the X-ray satellite ROSAT , Read & Ponman (1998) investigated the X-ray luminosity evolution along the "Toomre sequence" (Toomre 1977) , a series of 8 local galaxies representing different stages of merging, in chronological order. Their study found that extended X-ray emission is produced during the encounter and persists as the nuclei merge. Similar results obtain from observations of merging and interacting systems using the higher resolution Chandra X-ray satellite (Fabbiano et al. 2001; McDowell et al. 2003; Huo et al. 2004) .
A puzzling aspect of the analysis of Read & Ponman (1998) is that the merger remnants appear to be underluminous when compared to typical elliptical galaxies, bringing into question the likelihood that merger rem-nants evolve into normal ellipticals. These authors suggested several methods by which a merger remnant could acquire an X-ray halo: late infall of tidal material, reacquisition of gas ejected by galactic winds during the merger, and ongoing mass-loss by stars born during a merger-induced starburst. One clue to the origin of the hot gas lies in the correlation between the X-ray and Bband luminosities. O'Sullivan et al. (2001) , also using ROSAT , found that L X ∝ L B for less massive ellipticals, consistent with their X-ray luminosity being primarily stellar in origin. However, the X-ray emission from more luminous ellipticals varies as L X ∝ L 2 B , indicating a non-stellar origin.
The work described here is a first attempt to address the viability of galaxy mergers in generating X-ray emitting gaseous halos consistent with observed ellipticals. While numerical simulations have demonstrated that galaxy interactions can indeed produce remnant galaxies whose stellar component is reminiscent of local ellipticals (Barnes 1992; Barnes & Hernquist 1996; Hernquist 1992 Hernquist , 1993b Naab & Burkert 2003) , little is known theoretically about the evolution of the hot gas component in these events. Barnes & Hernquist (1996) considered simulations in which the gas was not allowed to cool radiatively and showed that in this limit it would be mostly shock heated to the virial temperature of the remnant, leaving a corona of hot, X-ray emitting material. Later, Cox et al. (2004) showed that the amount of hot gas is dependent upon the interaction orbit: more radial encounters produce more hot gas. Yet the ability of this hot gas to produce X-rays, the luminosity of the X-ray emission, and the correlation to the remnant stellar properties are all open questions. In particular, these studies did not attempt to model all feedback processes in detail. Recently, Springel, Di Matteo, & Hernquist (2004) have developed methods for modeling feedback from both star formation and black hole growth in galaxy mergers. This addition to our galaxy modeling has a significant impact on the X-ray evolution as the feedback energy from an accreting black hole can generate a substantial amount of hot gas through the production of a large-scale galactic wind.
MERGER SIMULATIONS
To simulate a merger of two disk galaxies we use GADGET2, an improved version of the publically available code GADGET (Springel, Yoshida, & White 2001) . We employ the "conservative-entropy" formulation (Springel & Hernquist 2002 ) of smoothed particle hydrodynamics (SPH) that conserves both energy and entropy (unlike earlier versions of SPH; see e.g., Hernquist 1993a), while improving shock-capturing. The code assumes that the gas is a primordial plasma, and includes the effects of radiative cooling and heating by a uniform UV background. Star formation and its associated feedback are treated in the manner detailed in Springel & Hernquist (2003) . Within this formalism, the sub-resolution physics of star formation and supernova feedback acts to maintain star-forming gas at a temperature specified by an effective equation of state (see e.g., Robertson et al. 2004) . As an extension of this star formation and feedback model, Springel et al. (2004) introduced an additional parameter q EOS , so that the effective equation of state can be varied between that for an isothermal gas at T eff = 10 4 K, q EOS = 0, and the "stiff" Springel-Hernquist equation of state, which has an effective temperature T eff ≈ 10 5 K, q EOS = 1. In the work presented here, q EOS was set to 0.25 resulting in a massweighted temperature of star-forming gas ∼ 10 4.5 K. Our simulations also allow the presence of a supermassive black hole (BH). BHs are represented by "sink" particles that can accrete neighboring gas at a rate given by the Bondi-Hoyle-Lyttleton approximation with an imposed upper limit equal to the Eddington accretion rate. A small fraction (5%) of the bolometric luminosity (0.1Ṁ c 2 , assuming an accretion efficiency of 10%) thermally couples to the gas surrounding the BH. These parameters are selected so that simulations of disk-galaxy major mergers successfully reproduce the M BH -σ relation (Di . The BH, when included, has a seed mass of ≈ 10 5 M ⊙ , although we find that the outcome is insensitive to this choice. A more complete discussion of the methodology is provided in Springel et al. (2004) .
The disk galaxy used in the merger simulations is a simple model for our own Milky Way. A full description of the construction of this galaxy is given in Springel et al. (2004) , and here we simply outline the parameter choices for the simulations used in this work. The composite system contains an exponential disk and a spheroidal bulge, both embedded in a dark matter halo. The dark-mater halo is initialized with a Hernquist (1990) profile, a concentration c = 9, spin parameter λ = 0.041, and a virial velocity V 200 = 160 km s −1 . With this choice of parameters the total mass of this system is 1.36×10
12 M ⊙ . The exponential disk comprises 4.1% of the total mass, of which 20% is in a collisional gaseous component, and the stellar bulge is 1.37% of the total mass. The compound galaxy is realized with 210,000 particles, 120,000 for the dark matter, 10,000 for the bulge, and 40,000 for both the stellar and gaseous disks.
Once the model galaxies are generated, we collide two identical disks by placing them on a prograde parabolic orbit with an initial separation of 143 kpc and a pericentric distance of 7.1 kpc. Both disks are co-planar to the orbital plane, generating a radial, nearly headon collision. Two simulations were performed, one with and one without centrally accreting BHs. Figure 1 shows four representative images of the galaxy merger without BHs. Details of the morphology, dynamics and resulting star formation can be found in a number of papers (see e.g., Barnes & Hernquist 1996; Mihos & Hernquist 1996; Springel 2000; Springel et al. 2004; Cox et al. 2005) . Of note for our purposes here is the large amount of thermal energy deposited into the gas by the accreting BH. Owing to this BH feedback a significant fraction of gas is removed from the system in a galactic wind and star formation after the merger is almost completely shut-off ).
X-RAY EMISSION
Our analysis of the simulations assumes that X-rays are produced by the cooling of hot, diffuse gas. In reality, the observed X-ray emission has contributions from stellar sources such as supernova remnants and X-ray binaries, as well as accreting black holes and the hot phase of the interstellar medium. Because the composite emission from these sources is generated mostly in the dense central regions of the galaxies, this luminosity will be heavily extinguished owing to the large column density of intervening gas and dust. In fact, a recent paper by Hopkins et al. (2005) found that the central accreting BH in a merger simulation similar to ours remains obscured for the majority of its active lifetime. To simplify our analysis, we restrict ourselves to X-ray emission from the diffuse hot gas since it should be relatively unaffected by obscuration.
We follow Navarro et al. (1995) and assume the X-ray luminosity for each SPH particle can be estimated from
where m p is the proton mass, µ is the mean molecular weight (0.6 for a fully ionized primordial plasma), and m gas,i , ρ i , and T i are the mass, density and temperature, respectively, of the i th gas particle in cgs units. Equation (1) assumes that the primary mechanism for X-ray emission is thermal bremsstrahlung, an assumption consistent with the zero-metallicity cooling included in the simulation. However, metal enriched gas with a temperature of ∼ 10 6 K cools primarily through metal-line emission, a mechanism that is more efficient and would thus produce a much larger X-ray luminosity. In this sense, the X-ray emission computed via Equation 1 is a lower limit.
In light of the increased X-ray luminosity expected from metal-enriched gas, we supplant Equation 1 with X-ray emission calculated using a Raymond & Smith (1977) code that does include metal-line emission. The gas metallicity is provided by the star-formation model (see Springel & Hernquist 2003 ) assuming a metal yield of 2%.
The bolometric luminosity is then calculated according to
where the sum is carried out over all gas particles with density below the critical density for star formation ρ thresh ≈ 10 −2 M ⊙ pc −3 and a temperature greater than 10 5.2 K. Gas particles which meet these criteria are fully ionized (for zero metallicity) and are deemed "hot gas" from here forward. Figure 2 shows the bolometric X-ray luminosity as determined by Equation (2), both with and without accreting BHs. For the simulation with BHs, two X-ray luminosities are shown. One, where the X-ray luminosity is calculated via Eq. 1, in essence when the gas is assumed to have zero metallicity, and the second uses the Raymond & Smith (1977) code to include metal-line cooling. The inclusion of metallicity dependent cooling greatly enhances the X-ray emission produced by the galaxy merger. In addition, the spatial distribution of the X-ray emission is shown with (red) contours in Figure 1 .
Initially, the X-ray emission from both galaxies is negligible because we ignore contributions from the starforming interstellar medium. X-ray emission begins when the gas disks first interact, in shocks that occur directly between the two co-planar disks (see top-left panel in Fig. 1 ). In general, the majority of the X-ray emission is produced by shock-heated gas, and thus the X-ray emission essentially tracks shocks that occur during the galaxy merger. When BHs are present, additional hot gas is generated by the thermal feedback from the BH accretion. This additional hot gas is clearly present at T = 1.0 Gyr, when the simulation with BHs has an order of magnitude larger L X .
One of the most prominent features of Figure 2 is the coincidence of the X-ray peaks with the final merger, Fig. 2. -Bolometric X-ray luminosity owing to diffuse hot gas during the simulated major merger. Show are the mergers with (blue, squares) and without (red, asterisks) accreting black holes. The solid lines show the X-ray emission when the gas is assumed to have zero metallicity. The dashed line (blue, open squares) shows the X-ray luminosity for the simulation with a BH when the emission is calculated using Raymond & Smith (1977) , which includes metal-line cooling. The arrow at T = 1.5 Gyr shows the time of the final merger in both simulations.
regardless of whether BHs are present. This X-ray emission results from the abundant shocks that occur as the gas disks attempt to follow the collisionless nuclei. Gas is heated to 10 6−8 K and forced out of the central regions owing to shocks and pressure forces. Hence, the X-ray luminosity is spatially extended, as can be seen in the lower-left panel of Fig. 1 . In the case without a BH, the X-ray emission extends to ∼ 30 kpc and with the additional thermal feedback from the BH the hot gas is present at radii up to ∼ 40 kpc.
The maximum X-ray emission ranges from 8 × 10 39 to 2.5 × 10 41 ergs s −1 , depending on the presence of a BH and if metallicity-dependent cooling is included. These luminosities are consistent with observations of the diffuse X-ray emission seen in interacting and merging systems (Fabbiano et al. 2001; McDowell et al. 2003; Huo et al. 2004) as well as that expected on theoretical grounds (Jog & Solomon 1992) . Because the X-ray luminosity is a direct consequence of the collision between gas in each progenitor disk, we expect a range of peak luminosities depending on the gas content in each galaxy, their mass and the merger orbit.
After the galactic nuclei coalesce, the X-ray luminosity decreases. When no BH is present, L X drops slowly as gas settles into hydrostatic equilibrium. When an accreting BH is included, so much energy is deposited into the gas that much of it becomes unbound from the system, escaping in a massive wind triggered by the large BH accretion rate during the final merger. This ejected gas is metal rich and cools adiabatically, quickly dropping below X-ray emitting temperatures. A sharp drop in L X ensues. However, this wind has also enriched the gas which remains bound to the halo and the X-ray weighted metallicity is 0.4 Z ⊙ , over four times that when no BH (and thus no wind) is present. For this reason, the increase in X-ray emission when no BH is present is quite small (less than a factor of ∼ 2) and hence was not shown Figure 2 .
The hot diffuse gas is largely in place at the time the nuclei merge, as demonstrated in the middle panel of Figure 1 . The hot gas relaxes on a timescale short compared to the stellar component, as reflected by both the regularity of the X-ray isophotes (see the lower-right panel in Fig. 1 ) and the steady X-ray luminosity after T = 3.0 Gyr, a little more than 1.5 Gyr after the merger. For the merger presented here, infalling tidal material contributes very little to the remnant X-ray luminosity. The remnant L X is over an order of magnitude smaller than during the peak, and is consistent with the observational findings of Read & Ponman (1998) , except, perhaps, that the decline from the peak is larger in the simulations.
The X-ray luminosity of the merger remnant ranges from 4 × 10 38 to 2 × 10 39 ergs s −1 , depending on the assumed gas metallicity when the X-ray emission is calculated. While observed ellipticals of equivalent B-band magnitude (∼ 2 × 10 10 L ⊙ ) are generally more luminous than our merger remnant, some ellipticals do have an X-ray luminosity that falls into our range. This comparison is muddled by the fact that discrete sources can contribute significantly to these low luminosity ellipticals. For example, using the conversion found in O' Sullivan et al. (2001) , the X-ray luminosity of discrete sources (primarily X-ray binaries) is roughly three times larger than our diffuse hot gas X-ray luminosity.
Even though the simulated merger remnant is underluminous for early-type galaxies with a similar L B , the temperature (0.19 keV) and X-ray luminosity lie on the L X -T X and L X -L B scaling relations of more luminous elliptical galaxies (O'Sullivan et al. 2003) . This compatibility suggests that major mergers may be responsible for the X-ray halos of large, X-ray luminous ellipticals.
CONCLUSION
Our hydrodynamic simulations show that collisions between gas-rich disk galaxies generate appreciable X-ray emission. This emission comes from hot diffuse gas which is produced by strong shocks attending the merger process. The presence of an accreting black hole increases the X-ray luminosity during the merger through the production of a hot, metal-rich galactic wind.
Our results suggest that galaxy mergers are a viable mechanism for generating the observed hot gas present in most interacting and merging systems, as well as in remnant elliptical galaxies. Because the models presented here yield a relatively small elliptical remnant, additional simulations are required to determine if galaxy mergers can reproduce the observed scaling between size, temperature and X-ray luminosity.
It should be kept in mind that the X-ray luminosities found in the present study are augmented by emission from accreting BHs, the hot gas in the interstellar medium, X-ray binaries, supernova remnants, stellar mass-loss, the return of gas ejected via a galactic wind, plus any tenuous hot gas which was originally in the halo of the progenitor disk galaxies. These last two omissions, in particular, may significantly contribute to the X-ray luminosity. In addition, any tenuous halo gas may confine some, or all, of the galactic wind thereby providing a natural mechanism to enrich the diffuse hot gas.
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